The cellular microenvironment in follicular lymphoma is of biological and clinical importance. Studies on the clinical significance of non-malignant cell populations have generated conflicting results, which may partly be influenced by poor reproducibility in immunohistochemical marker quantification. In this study, the reproducibility of manual scoring and automated microscopy based on a tissue microarray of 25 follicular lymphomas as compared to flow cytometry is evaluated. The agreement between manual scoring and flow cytometry was moderate for CD3, low for CD4, and moderate to high for CD8, with some laboratories scoring closer to the flow cytometry results. Agreement in manual quantification across the 7 laboratories was low to moderate for CD3, CD4, CD8 and FOXP3 frequencies, moderate for CD21, low for MIB1 and CD68, and high for CD10. Manual scoring of the architectural distribution resulted in moderate agreement for CD3, CD4 and CD8, and low agreement for FOXP3 and CD68. Comparing manual scoring to automated microscopy demonstrated that manual scoring increased the variability in the low and high frequency interval with some laboratories showing a better agreement with automated scores. Manual scoring reliably identified rare architectural patterns of T-cell infiltrates. Automated microscopy analyses for T-cell markers by two different instruments were highly reproducible and provided acceptable agreement with flow cytometry. These validation results provide explanations for the heterogeneous findings on the prognostic value of the microenvironment in follicular lymphoma. We recommend a more objective measurement, such as computer-assisted scoring, in future studies of the prognostic impact of microenvironment in follicular lymphoma patients.
and by immune cell infiltrates in the tumor microenvironment.
Gene expression analyses have demonstrated that FL biology may be influenced by the non-malignant tumor microenvironment, 9, 10 stimulating numerous subsequent studies based on immunohistochemical analyses of various cellular components in the microenvironment. Such studies have further explored the prognostic role of specific T-cell and accessory cell populations, such as helper and cytotoxic T cells, regulatory T cells, macrophages, follicular dendritic cells and microvascularity. The results, however, are often contradictory, with specific cell populations significantly correlating with poor prognosis in some series, but with good prognosis or without any significant impact in others. 11 A possible explanation for the discrepant results is patient selection bias, with a wide variation in age groups and risk factors. It is also likely that specific types of treatment influence or modify the prognostic impact of certain parameters in the microenvironment. 6, 11 Another possible explanation for the contradictory results is variation in the immunohistochemical staining and scoring across laboratories. We have previously shown that the reproducibility of scoring immunohistochemical stainings is poor and often inadequate for several frequently reported markers expressed on lymphoma cells in diffuse large B-cell lymphoma (DLBCL). 12 Similar issues with reproducibility were reported in solid malignancies for HER2 expression in breast cancer 13 and for EGFR in lung carcinoma. 14 The studies mentioned above for various markers in DLBCL, and on HER2 and EGFR in carcinomas, focused on analyzing protein markers expressed by tumor cells. In contrast, immunohistochemical studies in FL mostly report on densities and distribution patterns of non-malignant immune cell populations present in the microenvironment. The reproducibility of scoring such parameters across laboratories has not yet been studied. Therefore, we performed a validation study focusing on the reproducibility of scoring cells and cellular distribution patterns in the tumor microenvironment before launching a large study on the impact of the tumor microenvironment in FL. The markers were chosen to be representative of frequent and less frequent cell populations (CD3 vs. CD8 and FOXP3), non-malignant lymphoid populations with membranous and nuclear staining patterns (CD3, CD4, CD8 vs. FOXP3), membranous and nuclear staining patterns on tumor cells (CD10 and MIB1), stromal cell components (CD21), and microvessel density (CD34). Importantly, immunohistochemistry scores (referred to as "manual" scores) are compared to flow cytometry data for CD3, CD4 and CD8 available from the same biopsy in all cases. A computerized system with an automated scanning microscope and computerized image analysis were also used for comparison to the manual scoring by pathologists.
Methods

Flow cytometry
A representative portion of the FL lymph node biopsy was processed by the BC Cancer Agency's core clinical flow laboratory and dissociated into a single cell suspension by mincing the tissue using a sterile scalpel and phosphate buffered saline (Invitrogen Canada Inc., Burlington, ON, Canada) in a sterile Petri dish. Cells were counted, then co-stained using 6 panels of antibodies (all from Beckman Coulter, Fullerton, CA, USA). Information on antibody panels is provided in the Online Supplementary Appendix. Flow cytometry was performed on a Beckman Coulter FC500 flow cytometer.
Tissue microarray construction
Tissue microarrays (TMAs) were prepared at the Dept. of Pathology of the British Columbia Cancer Agency (BCCA) from 25 representative, newly diagnosed cases of FL and 2 tonsil samples with adequate archival formalin-fixed and paraffin-embedded material for which also routine flow cytometry data for CD3, CD4 and CD8 from the same FL lymph nodes were available. Representative 1.0 mm cores were taken and re-embedded in duplicate according to standard procedures. Five µm sections were stained with antibodies to 9 markers (Table 1) according to standard protocols at the Dept. of Pathology, The Netherlands Cancer Institute, The Netherlands.
Criteria and scoring methods for immunohistochemistry
Scoring criteria and cut-off points for densities and patterns of non-malignant cells in FL (Table 2) were based on currently used methods published by various research groups. [15] [16] [17] [18] The scoring method was designed to allow comparison with the flow cytometry data expressed as positive cells for a given marker/total number of cells analyzed. A "scoring manual" was constructed as an additional guideline.
The same slide set was rotated among laboratories and independently analyzed by 7 pathologists/teams using the scoring manual as a guideline. The score for each core was recorded separately on an Excel worksheet. If the core could not be scored, the reason was recorded (Online Supplementary Table S5 ). Scores were reported to a central laboratory for analysis. Further information on the scoring is provided in the Online Supplementary Appendix. Additionally, all slides were scored using a computerized system with an automated scanning microscope and computerized image analysis ("Ariol Cambridge") (Ariol SL-50, Genetix Ltd., Queensway, New Milton, Hampshire, UK) in combination with the Multistain assay in the Ariol software for quantification, as previously described. 19 For CD3, CD4 and CD8, the automated scoring was repeated using a different operator and a different scanning and image analysis instrument of the same type, scanning microscope Olympus BX61, Ariol SL-50, v.3.4, Genetix Corp. 1998-2009 and the Multistain assay in the Ariol software for quantification ("Ariol Madrid"). 20 Further information on the scoring methods is provided in the Online Supplementary Appendix.
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haematologica | 2014; 99(4) 21 Similar distributions of manual scores for T-cell markers in the two cores were observed ( Figure 1 and Online Supplementary Tables S1 and S2). As shown in Table 3 and Figure 2A , there was significant variation (F-test; P<0.0001) in the scoring results between the 7 laboratories with 1-2 laboratories with significantly different scores from others (Lab 1 scored higher and Lab 5 scored lower for CD3, Labs 5 and 7 scored lower for CD4, and Lab 1 scored higher and Lab 4 scored lower for CD8, as compared to other laboratories). Agreement among all 7 laboratories was observed in 8-17% of the cases and among all but one laboratory in 38-46% of the cases ( Table 4 ). The average pairwise agreement of 54-63% resulted in a low 
© F e r r a t a S t o r t i F o u n d a t i o n
to moderate reproducibility with free marginal kappa statistic values of 0.43-0.54 (Table 4 and Figure 3 ). A comparison of manual scoring and flow cytometry (Tables 3 and 5) showed that the agreement on average was moderate for CD3 (a median of 50% of the core scores agree with flow cytometry across laboratories), low for CD4 (a median of 38% of the scores agree), and moderate to high for CD8 (a median of 71% of the scores agree) ( Table 5 ) with variation in agreement observed by laboratory (Table 3) . Thus, while certain laboratories agreed well with the flow cytometry results (e.g. Labs 4 and 6 for CD3) other laboratories did not (e.g. Lab 1). Disagreement tended to occur on the high end with manual scoring overestimating the frequencies of cells in the high range for CD3 and CD4 (Table 3) . Specifically, among those misclassified, on average 70, 87 and 100% of the cases had manual scores higher than flow for CD3, CD4 and CD8, respectively ( Table 5) . As an example, for CD4, 0% of cases fell into the category of more than 50% by flow cytometry as compared to between 8% to 21% by manual scoring (Table 3) .
Thus, the manual scoring on average across laboratories tended to increase the variability and range of T-cell frequencies compared to flow cytometry. However, higher levels of agreement were observed for specific laboratories and markers (e.g. Lab 4 for CD3 and Labs 3, 5 and 6 for CD8), but no systematic trends were observed.
T-cell frequencies analyzed by an automated scanning microscope (Ariol SL-50 "Cambridge") were expressed as percentages of cells positive out of all cells in the core. For CD3, CD4 and CD8, the median image score was 48, 30 and 20 for core 1 and 50, 34 and 24 for core 2, respectively ( Figure 4) . Comparison with the flow cytometry data demonstrated a moderate correlation between the results (Spearman correlation of 0.48, 0.60 and 0.35 for CD3, CD4 and CD8, respectively) ( Figure 2B ). The frequencies of T cells and T-cell subsets were higher by the automated scanning than by flow cytometry (Table 5) , resulting in a low concordance between the two methods (<0.26).
Comparing manual and image scoring for core 1 resulted in low to moderate agreement on average in 38, 61 and haematologica | 2014; 99(4) Pairwise CD3:C2  CD4:C1  CD4:C2  CD8:C1  CD8:C2  FOXP3:C1  FOXP3:C2  CD10:C1  CD10:C2  MB1:C1  MB1:C2  CD68:C1  CD68:C2  CD21:C1  CD21:C2  CD34:C1  CD34:C2   CD3:C1  CD3:C2  CD4:C1  CD4:C2  CD8:C1  CD8:C2  FOXP3:C1  FOXP3:C2  CD10:C1  CD10:C2  MB1:C1  MB1:C2  CD68:C1  CD68:C2  CD21:C1  CD21:C2  CD34:C1  CD34:C2 © F e r r a t a S t o r t i F o u n d a t i o n 65% of the cases for CD3, CD4 and CD8, respectively ( Table 5 ). The disagreement tended to occur in the low and high manual categories for CD3 with a higher percent of cases scoring 6-25% and lower percent scoring more than 50% by manual as compared to image (misclassification occurring with image scores higher than manual in 77% of misclassified cases on average), in the high manual categories for CD4 with a higher percent of cases scored more than 50% for manual as compared to image (misclassification occurring with image scores lower than manual in 67% of misclassified cases on average) and in the low manual categories for CD8 with a higher percent of cases scored in 0-5% for manual as compared to image (image scores higher than manual in 100% of the misclassified cases on average) ( Table 5 and Figure 5 ). Similar results were obtained for core 2.
High correlation was observed between the two image analysis instruments (Spearman correlation 0.64, 0.79 and 0.91 for CD3, CD4 and CD8, respectively) ( Figure 2C 
Architectural patterns of T-cell infiltration
Next we investigated whether manual scoring could identify common and rare distribution patterns of T-cell subsets ( Table 2 ). There was a moderate agreement in the scoring of CD3, CD4 and CD8 architectural patterns ( Table 4 ). The majority of the cases were scored as interfollicular (Online Supplementary Tables S1 and S2 
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therefore, the agreement level indicates that the laboratories consistently identified the interfollicular pattern. The number of cases with diffuse or intrafollicular patterns was relatively low, limiting the ability to evaluate agreement for these patterns. However, one case had a predominantly intrafollicular distribution pattern for CD4 and all scoring laboratories correctly identified this case.
Densities and distribution of FOXP3 cells, representing nuclear staining in a sparse T-cell subset
Considerable variation (P<0.001) was observed in the FOXP3 + scoring across the 7 laboratories with 3 of them (Labs 4, 6 and 7) scoring a higher percentage of cases as 0-5% and Lab 1 scoring a higher percentage of cases as 5-25%, indicating the difficulty distinguishing between these two categories (Online Supplementary Tables S1, S2 and S3). Agreement among all 7 laboratories was 9%, among all but one laboratory was 48-52%, and average pairwise agreement of 61-62% resulting in a low to moderate agreement with free marginal kappa statistic value of 0.48-0.49 (Table 4 ). In the automated microscopy analysis, most cores were classified with less than 20% FOXP3 + cells (median 9%, range 1-19% for core 1; median 10%, range 4-22% for core 2) (Figure 4) . Compared with image analysis, manual scoring misclassified many cases in the lower range resulting in manual scores being lower with
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haematologica | 2014; 99(4) Figure 4 . Distribution of the image scores of all investigated markers for core 1 and core 2, excluding the cores not scored. Figure 5 . Distribution of manual versus automated microscopy scores for CD3, CD4 and CD8 in core 1. The automated microscopy values are represented on the x-axis and the manual score categories on the y-axis. The green boxes represent the image distribution of the cores within the corresponding categories to which the cores were manually scored. The gray shaded boxes indicate where the automated microscopy scores should have been if there was perfect agreement between the two scoring methods, and thus give us a pictorial view of missclassification. As can be seen, there is a discrepancy between manual scoring and automated microscopy in the low range for CD3 and CD8 and the higher range for CD3 and CD4. 
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92% of misclassified cases on average (range of 50-100%) ( Figure 6 ). In addition, a few cores in 1-2 laboratories were manually scored in the highest category (26-50%) while no such cores were identified by the automated microscopy analysis (Figure 6 ). Thus, the variation observed with the manual scores was greater than that observed with the automated microscopy analysis with misclassification mainly occurring in the lower range. Low agreement between the laboratories was observed for scoring the architectural pattern of FOXP3 + cells using 4 categories (Tables 2 and 4 ). Since the perifollicular pattern ( Figure 7 ) is claimed to be discriminative as a prognostic marker, 22, 23 we evaluated agreement for this specific pattern relative to the three others combined and found 
that the characteristic perifollicular localization of FOXP3 was identified in all scoring laboratories except one, resulting in a moderate agreement (Table 4) .
Markers expressed on tumor cells: CD10 and MIB1 analyzed by manual scoring and automated microscopy
Most cores were classified as strongly positive and the reproducibility of the CD10 scores was high with no difference between the scoring laboratories from analysis of variance (P=0.9) and agreement in all laboratories of 81-82% (free marginal kappa of 0.91) indicating high agreement (Table 4 and Figure 3 ). For MIB1, the reproducibility of the manual scoring was suboptimal with no agreement between all 7 laboratories and 17-21% agreement between 6 of 7 laboratories, and average pairwise agreement of 43-47%, resulting in low agreement (free-marginal kappa of 0.29-0.34) ( Table 4 and Figure 3 ). This result was influenced by two laboratories which systematically scored low (ANOVA, P<0.0001). However, these two laboratories were in better agreement with the automated analysis, while the others had a tendency to overestimate the variation with a higher percent of scores in the 0-5% and 26-50% and more than 50% categories. The distribution of the automated microscopy scores was narrower than appreciated with the manual scoring (Figure 4) , with a median of 14% and range of 3-35% for core 1 and a median of 16% and range of 0-38% for core 2. For agreement, the manual scores showed a systematic underestimation of the percentages of MIB1 + cells in the low range as compared to the automated scores (manual scores in the 0-5% interval had image values higher than 5%) and an overestimation in the higher range as reflected by the fact that 4% of cases were scored by image as more than 26% while 51% on average (range 4-71%) were scored manually as more than 26% ( Figure 6 and Online Supplementary Table S3 ).
Scoring of frequencies and architectural patterns of cells present in the microenvironment of follicular lymphoma
In spite of the fact that the majority of CD68 + macrophage scores were in the lowest category (Figure 1) , there was variation (ANOVA, P<0.0001) among scoring laboratories with 3 laboratories using at least 3 of the 4 categories and the other laboratories with most cases scored as 0-10% resulting in low agreement with pairwise agreement of 45-47% and free marginal kappa of 0.31-0.33 (Table 4) . Automated microscopy analysis showed a narrow distribution with a median of 11% (range 0-30) for core 1 and 6% (range 6-20) for core 2 (Figure 4) . The agreement of CD68 patterns between laboratories was low ( Table 4) .
Stainings of CD21 and CD34 represent a different category of markers highlighting the intricate pattern of the follicular dendritic cell network and the microvessel density, respectively. For both of these markers the manual scoring showed a moderate agreement between laboratories with pairwise agreement of 60-74% and free marginal kappa statistics of 0.50-0.65 (Table 4 ). For CD34, the distribution differed in the two cores with a higher frequency of scores in the category "sparse" in core 1 compared to core 2 ( Figure 1 ).
Discussion
The FL tumor microenvironment contains a variable proportion of non-malignant cells that contribute to the
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tumor cell survival and are important contributors to FL biology. [24] [25] [26] [27] [28] [29] [30] [31] Gene expression studies have demonstrated that patient survival, risk for transformation and response to therapy are associated with activation of genes reflecting non-malignant cell content and activation, rather than genes expressed by the tumor cells. 9, 10, 32 It is hypothesized that the frequency and distribution of non-malignant cells can in part serve as surrogate markers for the clinically relevant gene expression signatures. This issue has recently been the focus of numerous immunohistochemical studies, including evaluating markers for T-helper, cytotoxic and regulatory cell subsets, [17] [18] [19] [20] [21] 23, [33] [34] [35] for stromal cells including macrophages, mast cells and dendritic cells, 15, 20, 33, [36] [37] [38] [39] and for endothelial cells assessing microvessel density. [40] [41] [42] The results of these studies are often contradictory, which in part can be explained by the small number of patients and variations in patient selection and treatment protocol. 11, 43 Another potential reason is the scoring reproducibility of the immunohistochemical markers. It could well be that evaluating immunohistochemical markers by manual scoring are reproducible within a study where scoring is carried out by one individual but is not reproducible over a series of studies where other individuals score other lymphoma cohorts. In addition, the manual scoring may be more reproducible once a cut-off point of clinical relevance based on a larger series of patients has been established. However, in the development of prognostic and/or predictive markers, which often have the aim of determining the optimal cut-off point to separate populations into low or high risk for failure, these markers are scored in 4-5 categories for most markers. The data in this study show that with 4-5 categories, the manual scoring agreement is low to moderate. Therefore, in the development of prognostic and/or predictive markers (and as stratification for randomized clinical trials) it is important to centralize and standardize marker scoring, or consider alternative approaches to manual scoring, to minimize the variation and increase the power. Once a cut-off point has been established, it is likely that the manual scoring agreement will increase across scoring laboratories. The main purpose of this study was to investigate the feasibility and reproducibility of scoring common FL microenvironment markers by comparing manual scoring, automated microscopy and, for T-cell markers, also flow cytometry. We focused on quantification and architectural localization of cell types considered to be important for FL biology and outcome.
The main conclusions from this study are: 1) T-cell frequencies are highly variable in the lymphoma tissue and the reproducibility of manual quantification of T cells is low to moderate; 2) T-cell frequencies as analyzed by flow cytometry and automated microscopy show moderate agreement but image analysis overestimates frequencies; 3) for many markers, manual scoring increases the variability in the low and high frequency interval as compared to automated microscopy; 4) automated microscopy analyses for T-cell markers by two different instruments shows a high degree of correlation; 5) manual scoring can readily identify rare architectural patterns of T-cell infiltrates in FL tissue.
T-cell frequencies measured by flow cytometry have previously been suggested to predict outcome in FL. 21, 34 In the present study, we used flow cytometry data for comparison with T-cell frequencies obtained by manual and automated scoring of immunohistochemistry. Flow cytometry was considered to be the "gold standard" since it measures and quantifies a high number of cells as single events and since multiple antigens and CD markers are used to define a population resulting in high accuracy. 44 Flow cytometry is thus a very reliable and quantitative method for comparing and enumerating frequencies of numerous and rare cell populations and it can be standardized between laboratories. Flow cytometry can also be used for detecting intracellular markers, such as BCL2 and FOXP3, in combination with surface markers, allowing detailed information on cell subsets to be gathered. The major disadvantages with this method is that it requires fresh tissue and does not provide information on the cellular localization, which is of relevance in FL. Furthermore, in case of fibrosis, or when tumor cells are large and fragile, the cell preparation used for flow cytometry might not fully represent the cell composition in the tissue.
A comparison of flow cytometry with image analysis showed there was a moderate correlation between CD3, CD4 and CD8 positive T-cell frequencies similar to previously published results. 20 However, both in the present study and in the study by Wahlin et al. examining T cells in FL, 20 image analysis resulted in higher values for the Tcell markers compared to flow cytometry, resulting in a low concordance between the measurements. One possible explanation for this difference could be cell loss during preparation of the single cell suspension used for flow cytometry, 44 although this is less likely since preferentially large cells are lost. Another possibility for the discrepancy between flow cytometry and image analysis is the presence of incomplete cells in the tissue sections. It could also be a "calibration effect" caused by a lower detection threshold in the image analysis. The low concordance between flow cytometry and image analysis does not, in our opinion, rule out using image analysis to reduce scoring variability and to obtain objective quantification since the effects will be similar across all cases. An advantage in using automated microscopy or flow cytometry compared to manual scoring is that quantification is in a continuous scale rather than a categorical measurement, providing more information when evaluating biologically relevant cut-off points.
For several markers, the manual scoring overestimated the variation in cell frequencies as compared to flow cytometry and automated microscopy. On the other hand, while the variation across laboratories was considerable, certain laboratories agreed well with each other and with flow cytometry results. However, this was not consistent but differed between markers and laboratories, with no laboratory identified as uniformly reliable. Studies using immunohistochemical scoring should be carefully validated by flow cytometry or image analysis to ensure reproducibility.
The analysis evaluating the reproducibility of T-cell marker quantification using two separate automated microscopes in combination with image analysis performed by 2 different instrument operators, showed a high correlation in scoring CD3, CD4 and CD8 densities. These results suggest that it is possible to reproducibly score Tcell markers in FL using image analysis. Image scoring also enumerates cells as actual values, an obvious advantage over manual scoring according to category. The frequency and localization of FOXP3 + Treg cells has been associated with clinical behavior in FL. 20, 22, 23 For CD4 + T cells, one study has suggested that a high number of intrafollicular CD4 + cells is associated with a poor prognosis. 20 In the present validation study, certain architectural patterns were highly reproducible, such as localization of CD8 + T cells, while agreement was moderate for localization of CD3 + and CD4 + T cells, as well of CD68 + macrophages. Importantly, manual scoring did well when it came to recognizing rare patterns, as exemplified by the perifollicular localization of FOXP3 + regulatory T cells and intrafollicular localization of CD4 positive T cells.
This validation study provides explanations for the heterogeneous results of various reports in the literature on the prognostic value of the microenvironment in FL. Based on these results, we recommend refraining from manual scoring for research purposes in this field unless careful validation by other methods is carried out, and recommend the use of a more objective measurement, such as computer-assisted scoring.
